DNA sequence data from 2 nuclear introns (mitochondrial malate dehydrogenase intron 7 and acid phosphatase type V intron 2) were collected for 9 taxonomic units of rodents, 8 of which were in the genus Mus. Data were used to infer phylogenetic history of the 9 taxa, which was then compared with a consensus phylogeny taken from previous literature. In general, the nuclear intron data provided strong support (bootstrap proportions Ͼ 80) for relationships accepted in the consensus tree. The intron data disagreed with previous mitochondrial data in that 2 M. m. domesticus sequences were paraphyletic with respect to M. m. castaneus and M. m. musculus. This paraphyly, if real, likely reflects the longer lineage-sorting time of the nuclear genome compared with the mitochondrial genome. Introns seem to provide an attractive source of nuclear DNA sequence data for phylogenetic analysis, but mitochondrial data are likely to be superior for very recent divergences.
Availability of DNA sequence data from mitochondrial protein-coding genes has revolutionized phylogenetic research. Among mammals, mitochondrial DNA (mtDNA) data frequently are used to test hypotheses of relationship among closely related taxa (Prager et al. 1996) . Part of the utility of mtDNA data lies in the rapid coalescent time of the mitochondrial genome, which should decrease problems that result when the gene tree does not match the species tree. Also, the popularity of mtDNA in systematics is due to the availability of universal polymerase chain reaction (PCR) primers for portions of the mitochondrial genome, giving almost any researcher access to tools needed to acquire such data. Recently, use of mtDNA protein-coding data has been extended to much deeper divergences. For example, complete DNA sequences for all 13 mitochondrially encoded proteins have been used to address ques-* Correspondent: ron.debry@uc.edu tions regarding the relationships among mammalian orders (e.g., Janke et al. 1994 Janke et al. , 1997 Miyamoto et al. 1994) .
Despite advantages inherent to the mtDNA genome, a need remains to develop additional phylogenetic markers for use in mammalian systematics. The 13 mitochondrially encoded proteins are all part of a single linkage group, so if gene trees are not congruent with species trees, additional mtDNA data will not correct the problem. Nuclear protein-coding sequences have become extremely important for deep-level mammalian phylogenetics, and some of those data have significantly altered our hypotheses of mammalian interordinal relationships Springer et al. 1997; Stanhope et al. 1996 Stanhope et al. , 1998 . However, in vertebrates, the nuclear genome evolves about 10 times more slowly than does the mitochondrial genome (Vawter and Brown 1986) . This suggests that nuclear data may be useful for deeper divergenc-FIG. 1.-Consensus phylogeny for the 8 species of Mus included in this study (cf. Boursot et al. 1993; Hammer and Silver 1993; Prager et al. 1996). es, when mtDNA data lack resolving power because of problems associated with multiple substitutions but that nuclear data may be less useful for very recent divergences. In particular, rates of amino acid sequence evolution in most nuclear-encoded proteins are likely to be so low that only silent-site variation will be phylogenetically informative for recent divergences. Because silent sites comprise only about one-third of the positions in a protein-coding gene, the total number of bases that must be sequenced to obtain a sufficient phylogenetic signal for recent divergences may be very large.
In contrast to protein-coding sequences, noncoding nuclear sequences may prove to be more useful for recent divergences. Noncoding sequences probably evolve at about the same rate as silent sites. However, noncoding regions should contain nearly 3 times the useful data compared with protein-coding sequences, because nearly all noncoding sites are potentially free to vary. Introns provide an ideal source of nuclear noncoding sequences because they are anchored at the ends by protein-coding sequences that may allow for robust PCR primers. In this paper, we report the development of primers for 2 nuclear introns: intron 7 from the mitochondrial malate dehydrogenase (MDH2, gene symbol Mor1) gene and intron 2 from the acid phosphatase type V (AP5, gene symbol Acp5) gene.
To explore the utility of these data, we chose to study the genus Mus because a subset of Mus species exists for which phylogenetic relationships are quite well established. Mus is a relatively diverse genus with about 40 species organized into 4 subgenera. For this report, we examine only a small subset of this diversity, focusing on taxa for which phylogenetic relationships are reasonably well understood. We report here data for 12 individuals representing 5 species of Mus, plus Rattus norvegicus as an outgroup. A consensus phylogeny for these taxa is shown in Fig. 1 Prager et al. 1993; Sage et al. 1993) . For this paper, we adopted the taxonomic system of Musser and Carleton (1993) . The commensal forms are the most geographically widespread of the taxa considered here. As a whole, M. musculus ranges across Eurasia and northern Africa. M. m. musculus has the largest natural range, occupying generally the northern regions of the species range. M. m. domesticus was found originally only in the southwestern part of the range of M. musculus, although it is now essentially cosmopolitan. M. m. castaneus occupies the southeastern part of the range. Several other subspecies-species exist within the house mouse complex but are not considered here.
Among the 3 members of the commensal clade, agreement is emerging that M. m. castaneus and M. m. musculus are sister lineages (Moriwaki et al. 1984; Prager et al. 1996; Sage 1981; Sage et al. 1993; Tucker et al. 1989) . Among the aboriginal members of the subgenus Mus, considerable support exists for a close relationship between M. macedonicus and M. spicilegus (Boursot Fig. 1 (Ferris et al. 1983; Prager et al. 1996; She et al. 1990; Yonekawa et al. 1994) or a trichotomy among M. hortulanus, M. spicilegus, and M. spretus (Lundrigan and Tucker 1994) . Of the remaining 2 species of Mus included in this study, M. caroli is included in the subgenus Mus and is found in southeastern Asia and some western Pacific islands. M. pahari is related more distantly to all other Mus in this study, is assigned to the subgenus Coelomys, and is found in southeastern Asia.
MATERIALS AND METHODS
Samples were obtained from 12 individuals, representing 6 species of Mus, plus R. norvegicus as an outgroup (Table 1) . Both M. m. domesticus and M. m. castaneus were represented by individuals from 2 different laboratory-bred colonies. In the case of M. m. domesticus, the 2 lines were established from totally unrelated source individuals (Table 1 ). In the case of M. m. castaneus, the 2 lines were established separately from the same original mating. Although likely to be highly similar, they do have the potential to differ at loci that were polymorphic among chromosomes in the original cross. For samples originating at Jackson Lab, specimens were obtained as genomic DNA. In all other cases, genomic DNA was extracted from liver using DNAzol (Life Technologies, Rockville, Maryland). The PCR-primer sequences are given in Table 2 . All amplifications were conducted as nested or seminested PCR reactions. About 10 ng of genomic DNA was used in 10-l primary PCR reactions, with the outermost primer pairs. Those products were diluted from 1:500 to 1: 5,000 and then used as the template for a 100-l secondary PCR reaction, using either the nested or 1 of the 2 seminested primer combinations. All PCR reactions contained 600 nM of each primer, 4 mM Mg 2ϩ , and 0.2 l/10 l Tth polymerase (ClonTech, Mountain View, California). The PCR was conducted in glass capillary tubes, with the following cycling conditions: 94ЊC for 1 min; followed by 33-37 cycles of 94ЊC, 0 s; 58Њ-64ЊC, 0 s; and 76ЊC, 12-20 s. The nested PCR products were sequenced on both strands on an ABI 373A or 377 automated sequencer (Perkin-Elmer Applied Biosystems, Foster City, California), at the University of Cincinnati DNA Core Facility. This data set had relatively little length variation, so gaps were simply inserted by eye to improve the final multiple alignment.
Parsimony, neighbor-joining, and maximumlikelihood analyses were performed using PAUP* versions 4.0d64 and 4.0d65 (Swofford 1999) . Only the intron sequences themselves were included in any of the analyses, and 1 region that was deemed unalignable was excluded from all analyses. All bootstrap resampling analyses (Felsenstein 1985a) were performed using 1,000 pseudoreplicate data sets. For maximumlikelihood, tree-bisection-reconnection branch swapping (Swofford et al. 1996) was used for all tree searches. For parsimony, all sites were weighted equally, and all searches were conducted using a branch-and-bound algorithm (Hendy and Penny 1982) , so identification of all most parsimonious trees was assured.
RESULTS
Aligned MDH2 intron 7 sequences were 340 base pairs in length, whereas aligned AP5 intron 2 sequences were 209 base pairs, giving a total combined alignment length of 549 base pairs. Sequence data used in this study may be found under GenBank accession numbers AF196840-AF196863; alignments are available from the senior author. A region of poly-C that was highly variable in length and for which reliable alignment was not possible was found within the MDH2 intron 7 sequences. Consequently, positions 231 through 248 of the alignment were excluded from all analyses. Of the remaining 531 positions, 44 sites were parsimony-informative. Distance-corrected values of pairwise sequence divergence range from 0.2% (M. macedonicus 1-M. spicilegus) to 15.2% (R. norvegicus-M. caroli), using the Kimura 2-parameter correction for unobserved multiple substitutions (Kimura 1980) . Average nucleotide composition was 20.4% A, 24.5% T, 22.9% C, and 32.2% G, with only minor deviations from those averages in each taxon. No clear cases of heterozygosity were detected. However, heterozygotes are extremely difficult to determine using the dyeterminator sequencing chemistry used in this study, because the 4 dye-labeled dideoxy terminators were incorporated with various efficiencies depending on the immediate sequence context.
All 3 types of analysis (parsimony, neighbor-joining, and maximum-likelihood) give very similar trees (maximum-likelihood tree in Fig. 2 ). For the maximum-like-lihood analyses, the most parsimonious tree was used to obtain initial maximum-likelihood estimates for substitution parameters (evolutionary rate, transition : transversion ratio, and rate heterogeneity among sites). Among-site rate heterogeneity was modeled as a gamma distribution (Uzzel and Corbin 1971; Wakeley 1993) . Likelihood ratio tests were conducted to choose a single substitution model for all remaining maximumlikelihood analyses. The model of Hasegawa et al. (1985) with gamma-distributed rates (HKY85-⌫) represented the best compromise between competing needs of maximizing fit between the model and data and minimizing number of parameters to be estimated. The HKY85-⌫ model had a significantly higher likelihood compared with the models of Jukes and Cantor (1969) and Felsenstein (1981), whether or not those 2 models incorporated gamma-distributed rates. The HKY85-⌫ model also had a significantly higher likelihood compared with the HKY85 model without gamma-distributed rates. More parameter-rich models did not yield significant increases in likelihood compared to the HKY85-⌫ model. Under the HKY85-⌫ model, the maximum-likelihood estimate for the transition : transversion ratio was 3.57, and the maximum-likelihood estimate for the gamma distribution shape parameter, ␣, was 0.44. Analysis of the tree in Fig. 2 using the HKY85-⌫ model with and without a molecular clock resulted in a significant increase in log-likelihood attributable to relaxation of the molecular clock assumption (2⌬ ln L ϭ 21.32, d.f. ϭ 10, P Ͻ 0.05). A heuristic maximum-likelihood search using tree-bisection-reconnection branch swapping and those substitution parameters did not find any trees with higher likelihood.
The maximum-likelihood, parsimony, and neighbor-joining trees agreed on the position of all noncommensal species, and bootstrap proportion (BP) values Ն 79 were obtained for 6 of 9 possible bipartitions under all 3 analyses (Fig. 2) . The BP values under neighbor-joining analysis were not reported in Fig. 2 , but in all cases but 1, those values either fell within the range defined by the parsimony and maximum-likelihood results or were within 1-2 points of falling within that range. The only exception was that neighbor-joining grouped the 2 strains of M. m. castaneus with a BP value of 96. Separate analyses of the 2 genes resulted in different optimal topologies. However, none of those differences resulted in BP values Ͼ 62 in the separate analyses, so we interpreted those differences as reflecting decreased resolution based on a limited sample, rather than reflecting different signal from the 2 unlinked nuclear data sets (Flynn and Nedbal 1998) .
Two differences were found between results in Fig. 2 and the consensus phylogeny (Fig. 1 ). The 1st difference was the position of M. spretus, which was the outgroup to the group (M. musculus, M. macedonicus, and M. spicilegus) according to a preponderance of mitochondrial data, but which was sister to M. macedonicus-M. spicilegus according to the nuclear intron data. However, the position of M. spretus was not well supported by the nuclear intron data set. The BP values for that relationship were in the low 60s. Further, only a single character in the data set unequivocally supported that relationship under parsimony, and the maximum number of characters supporting that branch under any parsimony optimization was 2. Even under a molecular clock, Ն4 characters were required before support for a relationship was strong enough to reject the null hypothesis that the underlying true phylogeny had a trichotomy (Felsenstein 1985b) . Therefore, we interpreted the position of M. spretus to be unresolved by the nuclear intron data. The 2nd discrepancy was that analysis of the nuclear intron data strongly supported a paraphyletic relation- 
DISCUSSION
The combined data set with MDH2 intron 7 and AP5 intron 2 agrees in most respects with the accepted phylogeny of Mus. Furthermore, in all 3 types of analyses high BP values were found for most of the nodes. The only significant point of difference between nuclear intron data and previous results is the paraphyly of M. m. domesticus with respect to M. m. musculus and M. m. castaneus. The position of M. spretus remains equivocal with the nuclear intron data set, although M. spretus weakly groups as sister to M. macedonicus-M. spicilegus in all analyses. The very low divergence between M. macedonicus and M. spicilegus is consistent with previous estimates derived from nuclear gene sources, including protein electrophoresis (Bonhomme et al. 1984; Sage et al. 1993; She et al. 1990 ) and nuclear DNA-DNA hybridization (She et al. 1990 ). The low divergence also maintains the interesting discrepancy between nuclear and mitochondrial genomes, because analysis of mitochondrial data suggests far more difference between the 2 species (Prager et al. 1996; She et al. 1990 ).
Analysis of our data suggests that nuclear intron sequences are an attractive source for phylogenetic data, although their utility may prove to be restricted to a particular range of divergences. In the case of very recent divergences, nuclear sequences may be less useful than mitochondrial sequences either because of a lack of variability (due to lower mutation rates in the nuclear genome) or because of the longer period in which ancestral polymorphisms will continue to segregate (Moore 1995) . Differences in transmission genetics between the diploid, sexually recombining nuclear genome and the haploid, asexual mitochondrial genome cause the effective population size of the nuclear genome to be 4-fold larger than that of the mitochondrial genome (Moore 1995) . Time to coalescence is related directly to effective population size, and a longer period of retained ancestral polymorphisms should result in cases where closely related lineages that are mutually monophyletic according to mitochondrial data are paraphyletic according to nuclear markers. Considerably more data will be required to understand the relationships among the nuclear genomes of the various members of the M. musculus species complex (cf. Din et al. 1996) , but the paraphyly of M. m. domesticus seen in the intron data is not unexpected and may provide some indication of a lower boundary for the utility of nuclear sequence data. In particular, the observed paraphyly contradicts the strongly supported monophyly of M. m. domesticus found in 2 large mtDNA data sets (Boursot et al. 1996; Prager et al. 1996) . A similar lack of coalescence within the nuclear genome is indicated by allozyme data (Din et al. 1996) (Moore 1995) .
However, the nuclear intron data apparently are quite useful for divergences in Mus that are deeper than splits among the 3 commensal subspecies. The nuclear intron data provide robust support for the generally accepted phylogenetic relationships. Such a result would not be expected if the coalescence time for the nuclear genome were long relative to divergence times between the taxa of full specific rank included in this study. For divergences deeper than those examined here, the utility of intron data ultimately will be limited by repeated insertion-deletion events. These can render it impossible to obtain a useable multiple alignment, but the exact point at which that happens may prove to be locusspecific. In the case of AP5 intron 2, data have been obtained for representatives of several different families of rodents (R. W. DeBry, in litt.). Insertion-deletion accumulation across Rodentia makes alignment very problematic, to the point where we do not feel comfortable using those data for phylogenetic inferences. However, in other cases, nuclear intron sequences have been used successfully for divergences much deeper than those studied here. Flynn and Nedbal (1998) sequenced 851 base pairs of the transthyretin intron I from representatives across the entire Carnivora. They did not report specifically on the number or distribution of insertions-deletions, but they reported excluding only a very small number of positions because of ambiguous alignment. Kupfermann et al. (1999) sequenced intron 4 and intron 5 from the Mhc DRB genes in a large number of primates and representatives of 5 additional orders. They reported that no computer software proved to be capable of producing a multiple alignment, because of the large number of insertions-deletions. They instead relied on a human-derived alignment, which did result in robust support for several ordinal and subordinal groups. Different regions of the genome are highly likely to evolve at significantly different rates (Koop and Hood 1994) , so some introns will be best suited to study of recent divergences whereas others are appropriate for study of much deeper relationships.
One expected advantage of use of intron data is that we might expect their tempo and mode of evolution to be uncomplicated by varying degrees of natural selection on different positions. Somewhat surprisingly, these data allow for rejection of the molecular clock and show strong evidence for evolutionary rate heterogeneity among sites. Rejecting the molecular clock for these data is consistent with the findings of Fieldhouse et al. (1997) . They examined exon and intron data for 8 rodent species, including 3 (M. musculus, M. spicilegus, and R. norvegicus) taxa included here. They found that M. spicilegus was evolving significantly more slowly than the rest of the taxa and that difference was significant for exon and intron sequences. Examination of the maximum-likelihood tree (Fig. 2) suggests that the pattern of rates for the combined AP5 and MDH2 data may be more complex than a single low rate in 1 lineage. Rate variation among sites, although generally associated with variation in selection pressure, could be caused by nonselective forces. Specifically, some nucleotide combinations or patterns may be more mutable than others.
A practical advantage of using introns as a source of phylogenetic data from the nuclear genome is that the primer sequences can be located within coding regions. By making use of the large database of homologous sequences available for Homo and Mus, it is possible to ensure that primer sites are located in regions where the amino-acid coding sequence has been highly conserved. In that way, primers should be useable for a wide variety of mammalian taxa. Indeed, the AP5 intron 2 primers reported here have been used successfully to amplify the intron both from a wide variety of rodent taxa and from Sus scrofa (R. W. DeBry, in litt.). Thus, it may be possible to use the same primer sets for generic-level studies in many nonrodent groups.
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